Phosphorus (P) is an essential nutrient for livestock but its efficiency of utilization is below 40%, contributing to environmental issues. In this review, we summarize recent approaches to optimize P availability in livestock diets and improve its utilization efficiency. Phase feeding could potentially reduce P excretion by 20%. Addition of phytase enzymes to diets increased P availability from 42 to 95%. Low phytate transgenic plants and transgenic animals increased P availability by 14% and 52-99%, respectively. In practice, a combination of phase feeding and enzymes has the highest potential for P reduction but legislation and ethics implications will prevent using transgenic animals in the short term. Functional and nutritional genomics may provide tools to improve efficiency in the future.
Introduction
Phosphorus (P) reserves are finite [1] ; hence, losses not only cause environmental damage but also waste a depleting resource. Although global estimates are scarce, in the United States, the livestock sector is responsible for about 33% of P load into freshwater resources [2] . This has led to a substantial interest in reducing P content of manure applied to agricultural soils owing to concerns of pollution and regulations from governmental agencies. For example, the US Environmental Protection Agency is mandated to enforce P reductions of at least 0.6 million kg/year in the Chesapeake Bay watershed to maintain water quality [3] . Phosphorus is an essential macromineral for all animals, which should be supplied in sufficient quantities because it plays a major role in bone development, growth and productivity of livestock. The need to use inorganic P in livestock diet arises because feedstuffs may contain organic P, which may not be fully available for absorption by animals [4 ] . Livestock excrete large amount of P [5] because less than 40% of P consumed may be utilized depending on P availability, efficiency of feed conversion and the amount of P consumed in excess of the animal's requirement [6 ] .
Opportunities are now available to reduce excess P excretion from livestock. Figure 1 shows the currently available methods of mitigating P excretion. These can be broadly divided in to two categories: improving or optimizing P availability in feed [4 ,7] , and increasing efficiency of livestock through increased P incorporation in product or faster growth [8] . Matching animal P requirement with available P in the diet through accurate predictions [9] , ration formulation methods and feeding animals in groups according to their physiological state reduces P excretion drastically. Phosphorus availability can also be substantially improved in monogastric animals by using enzymes such as phytase that break down organic P (Table 1) . Livestock can increase their efficiency of P utilization by incorporating genes that express enzyme production that help break down organically bound P and make it available to the animal [8] . Functional and nutritional genomics are new areas that will help us understand how animals interact with their environment and respond to nutritional demands matching P demand with supply in diet more accurately. The objective of this paper is to review methods that will (i) optimize feed offered to animals for better utilization and reduce P excretion to the environment and (ii) improve the efficiency of animals to utilize P in its various forms.
Diet formulation strategies to reduce excess phosphorus
Formulating a complete feed in livestock production systems involves determining a mix of ingredients that meets specific nutrient requirements, such as P, for a targeted level of production. Linear programming is the most widely used optimization tool for formulating diets for livestock. Traditional least-cost formulations seek to minimize the cost of the feed mix without taking into account the environmental consequences of excess P and other nutrients. Hence, a least-cost diet can be nutritionally adequate and economically optimal, but it may still provide significant amounts of indigestible fractions and excess nutrients [10] . Recent developments in mathematical programming have focused on multi-criteria models with the aim of addressing both economic and environmental considerations [11 ] . Simply increasing P availability in livestock diets does not solve the problem of formulating environment friendly diets owing to conflicting relations of P to other nutrients. For example, minimizing P excretion may increase excretion of other pollutants such as nitrogen [11 ] . Hence, the linear programming concept has been applied to diet formulation at herd level by incorporating nutrient disposal costs into a modified least-cost ration formulation model. This way a joint least-cost decision that minimizes the sum of feed and net nutrient disposal costs can be calculated [12] . It was shown that herd size, land availability and proximity, crop rotation, and initial soil P content are important in determining P disposal costs [12] . In grazing systems, reduction in grazing intensity has frequently been recommended to meet biodiversity and production goals for a more sustainable system by reducing N and P excretions [13] .
Optimization of phosphorus utilization through phase feeding
Phase feeding is a concept that is based on the premise that the population requirement for P (as well as other essential nutrients) changes during the stage of growth, lactation and gestation. This can be exploited by feeding multiple diets where each of the diets provides optimal nutrient densities at the midpoint of each subinterval (phase). A recent evaluation of the phase feeding concept in growing pigs, covering the growth period from 20 to 120 kg body weight, has shown a 20% reduction in P consumption without hampering growth performance [14 ] . Phase feeding is a mature technology that has been adopted by the livestock industry worldwide owing to the reduction in feed costs [14 ] .
Precision feeding with individualized requirements
Although phase feeding provides significant improvements in nutrient and P utilization, diets are still formulated to meet the requirements of a group of animals. Nutritional requirements can vary greatly between animals in a given population and each animal follows individual patterns during the course of growth. To maximize the desired population response, such as body weight gain or milk production, requirements are formulated to meet the demands of the lower third of the population, resulting in excess nutrient received by the majority of the animals and thus reducing their efficiency of nutrient utilization [15] . Daily feeding programs tailored to individual animals based on their individualized requirements may yield significant reductions in nutrient and P excretion. For example, André et al. [16] developed adaptive models for online estimation of individual cow's requirement based on milk yield. A recent simulation study has also shown that individualized nutrition can potentially reduce P excretion from growing pigs by 38% [17 ] . However, it must be noted that the technology is still premature and hardware and software needs further development before industry wide implementation. For example, such a system [9] requires continuous monitoring of growth and feed intake and algorithms are needed to process this information and predict future individualized P requirements.
To optimize P utilization, prediction of the amount of P absorbed by the animal should be improved by taking into account the main factors of variation. Mechanistic models describe degradation and absorption of P processes in the digestive tract and excretion of P to the environment. Létourneau-Montminy [17 ] developed a model that represented the main metabolic processes occurring along the gastro-intestinal tract of growing pigs, such as P digestion, phytate-P hydrolysis, and absorption. Model parameters governing these flows were derived from in vitro and in vivo literature data. A combined approach where in vitro systems are used to measure and estimate degradation parameters [18, 19] and then convert it to an in vivo P digestibility equivalent was implemented. Such a model may eventually be used to find economically optimal diets.
Use of enzymes in animal feed
Plants used as animal feed mostly store their P as phytate (myo-inositol hexakisphosphate, Figure 2 ), which is poorly available to monogastric animals. However, phytate P can be converted to lower inositol phytate or inorganic P, which is easily digestible by animals using an enzyme called phytase. Phytase belongs to a class of phosphatases that enables dephosphorylation of phytate in the digestive tract of the animal or in the feed before ingestion [4 ,20-22] . Phytase naturally originates from plants, gut microbes and intestinal mucosa, but the activity of the latter two is minimal in monogastric animals [22] . Ruminants on the contrary are more effective in degrading phytate because microbes in the rumen produce phytase [23] . Microbial phytase can be added to diets to increase availability of phytate bound P. The most common microbial phytase used in swine and poultry diets are from fungi (Aspergillus niger and Peniophora lycii) and bacteria (Escherichia coli) [22] . The activity of phytase depends mainly on pH, temperature, dose, and diet composition [24] [25] [26] [27] . Phytase supplementation has mostly been studied in monogastric animals, and improvement of the P digestibility has been observed in Animal production for efficient phosphate utilization Kebreab, Hansen and Strathe 873 [33, 34] poultry [21, 28 ] and swine [22, 29] . However, there is a wide variation in the effect of phytase added at the same phytase dose and type of diet [30] , contributing to its unreliability in diet formulation. Addition of phytase to dairy cow and goat diets has also been shown to improve P availability [23, [25] [26] . Owing to differences in pH of the digestive tract of ruminants and monogastric animals, different types of phytases are required for ruminants [31 ] . It is expected that the continued development of phytase through improved understanding of its ability to breakdown organic P will produce more effective classes of phytases. Commercially, phytase in swine and poultry diets is used at a dose of 500-750 FTU/kg (FTU = the amount of enzyme that liberates 1 mmol inorganic PO 4 per minute from 1.5 mmol/L of sodium phytate at pH 5.5 and 37 8C) [4 ] . Superdosing with up to 12 000 FTU/kg has been tested [4 ,27,32] and in one study with broilers [32] , an increase of phytase from 93 to 12 000 FTU/kg increased the phytate-P digestibility from 42 to 95%.
Management and genetic manipulation of feed
Provision of feed in liquid form is practiced predominantly in northern Europe and it can be a potential tool for optimizing P utilization. The use of fermented liquid feeding or soaking of dry feed for swine is a method to pre-digest phytate before feeding. When the feed is mixed with water, phytate will be subjected to degradation by microbial or plant phytases [33] [34] [35] [36] . The degree of phytate degradation depends on phytase concentration in the plant, addition and type of microbial phytase, soaking or fermentation time and whether or not the cereal was heat-treated before mixing into the ration [34] .
Transgenics has been used to develop low-phytate plants such as soybean meal [37] , high available P corn [38] and canola seeds expressing a phytase gene [39] for inclusion in swine and poultry diets. Hill et al. [37] fed growing pigs a diet containing low-phytate corn and soybean meal, and the total P digestibility increased from 34 to 48% compared to a conventional corn-soybean meal diet. Addition of microbial phytase to the diet increased the total P digestibility further from 48 to 60%.
Transgenic animals, functional and nutritional genomics
In 2001, the Enviropig TM , a transgenic pig producing salivary phytase (E. coli phytase), was developed in 874 Phosphorus biotechnology The currently available methods of mitigating P excretion.
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Canada [8, 40] to increase utilization and minimize excretion of P. Transgenic weanling and growing-finishing pigs obtained a true P digestibility of 88 and 99%, respectively, when fed a corn and soybean meal based diet, whereas the non-transgenic weanling and growingfinishing pigs had a true P digestibility of 49 and 52%, respectively. The transgenic and non-transgenic pigs had the same growth rate from weaning to slaughter [40] and an analysis of the health of the Enviropig TM did not show any problems [41] .
Modern biotechnology has led to new fields such as functional genomics (i.e. the study of the genome of an animal and how it regulates homeostasis and responds to stimuli), which is providing a clearer understanding of how animals interact with their environments and respond to nutrients. The shortcoming of classical nutrient requirement specification is that it is based on past information, which is extrapolated to the current production setting where the genotypes are unknown. Hence, current nutritional guidelines for P [42] do not consider the differences in the individual animal response to P, as current dietary recommendations are appropriate for the average animal only. Nutritional genomics can provide valuable information about the individual genotypes by means of high throughput single nucleotide polymorphism genotyping technology, which can be obtained at birth of the animal. The genome-tailored nutritional regimen (i.e. personalized nutrition) is an emerging field in human nutrition, but efforts in animal nutrition have so far been limited [43 ] .
Conclusions
Optimizing P availability in feed and improving efficiency of utilizing P in livestock are expected to reduce P excretion to the environment and help preserve a finite resource. Diet formulation needs to take into account the individual animal, or at least a group of animals' requirement according to their stage of growth and level of production. Phase feeding has been shown to reduce P consumption by 20% without compromising production, which has positive economic and environmental implications. Enzymes such as phytases are commercially available, which increase availability of P and reduce the need of supplementation with inorganic P to livestock diets. Over 50% improvement of P digestibility can be expected with the right amount of phytase enzyme inclusion in monogastric diets. Advances in transgenics, such as development of transgenic plants (low phytate corn and soybeans) have shown a 14% increase in P availability. Transgenic animals also offer a way of increasing livestock efficiency in using P, however, owing to ethics considerations we do not expect their use in livestock production systems in the near future. Nutritional
Animal production for efficient phosphate utilization Kebreab, Hansen and Strathe 875 genomics, on the contrary, will play a role in establishing better nutrient requirement estimates, which will lead to higher efficiency and lower P excretion to the environment. In the short term, a combination of reduced P, phase feeding, precision feeding and enzymes offer a realistic way of improving sustainability in the use of P in livestock production systems.
